Typhus rickettsiae were incubated with mouse exudative polymorphonuclear leukocytes (PMN), and supernatants were examined for leukotriene B4 (LTB4) and prostaglandin E2 (PGE2) secretion by radioimmunoassay. PMN incubated with native rickettsiae secreted significantly more LTB4 and PGE2 than did those incubated with buffer alone. Autacoid secretion was dependent on both the time of PMN incubation with rickettsiae and the number of rickettsiae present in the incubation suspension. Rickettsial stimulation of LTB4 secretion was associated with rickettsial hemolytic activity; treatments which inactivated the rickettsial hemolysin abolished the ability of rickettsiae to stimulate PMN LTB4 secretion. Trifluoperazine, which did not alter the rate of phagocytosis of rickettsiae by PMN, stimulated rickettsial effects on secretion of both LTB4 and PGE2 but inhibited the PMN LTB4 response to A23187. This suggested that the PMN response to rickettsiae and to the calcium ionophore involved differing mechanisms of activation. Finally, rabbit antirickettsial antiserum, which inhibited rickettsial hemolysis and was opsonic, did not block the effects of rickettsiae on PMN LTB4 secretion.
Few investigators have examined interactions between typhus rickettsiae and polymorphonuclear leukocytes (PMN). This is probably because of the putative relative importance of the longer-lived macrophage in modulating the outcome of acute typhus (7, 12, 36) . Nevertheless, rickettsiae must interact with PMN during the course of infection, and the results of these interactions may play a significant role in the course of rickettsial disease. The studies of Wisseman and Tabor (35) demonstrated that there was a PMN response early during the course of infection with Rickettsia prowazekii and that both the extent of the response and the rates of phagocytosis were greater in immune than in nonimmune individuals. In vitro studies by Wisseman et al. (32, 33) with killed rickettsiae and by Walker and Winkler (22) with live rickettsiae showed that rickettsiae were phagocytized poorly in the absence of specific antirickettsial antibody. Indeed, Walker and Winkler (22) reported that hemolytically active rickettsiae damaged PMN sufficiently to release cytoplasmic lactic dehydrogenase and that increasing the number of extracellular rickettsiae by increasing the multiplicity of infection (MOI) resulted in a rapid increase in the amount of PMN lactic dehydrogenase released into the external environment while increasing only modestly the numbers of rickettsiae phagocytized. They hypothesized that rickettsiae in the suspension colliding with PMN activated the rickettsial hemolytic mechanism and that the repeated action of this phospholipase activity (29) (30) (31) damaged the integrity of the PMN.
PMN are known to respond to membrane phospholipase A activity by secreting arachidonate-derived autacoids (6, 11) such as leukotriene B4 (LTB4) and prostaglandin E2 (PGE2). Because the extensive PMN membrane damage reported by Walker and Winkler (22) could result in generation of pharmacologically active autacoids, we examined the ability of PMN exposed to a high rickettsial MOI to secrete LTB4 and PGE2. We report that such PMN secreted increased amounts of both autacoids and that the PMN autacoid response corresponded to expression of the rickettsial hemolytic activity. We also report that rickettsiae elicited LTB4 and PGE2 by a mechanism which differed from that responsible for the ability of the calcium ionophore A23187 to elicit autacoid generation.
MATERIALS AND METHODS
Rickettsial growth and preparation. Rickettsia prowazekii, Madrid E strain, was propagated in 6-day-embryonated antibiotic-free chicken eggs after inoculation from a seed pool (yolk sac passage 272). Rickettsial suspensions were prepared from heavily infected yolk sacs by a modification (25) of the methods of Bovarnick and Snyder (3) and Wisseman et al. (34) . Rickettsial viability was monitored by a modification of the hemolytic procedure of Snyder et al. (16) . Rickettsiae were used immediately after harvest or were frozen at -80°C for later use. Rickettsialike bodies were enumerated by a modification (20) of the method of Silberman and Fiset (15) . The number of hemolytically active rickettsiae was determined by a modification of the antibody hemolysis method of Walker and Winkler (21) . Because some rickettsial viability was lost upon freezing and thawing, most results were expressed as a function of the number of hemolytically active rickettsiae.
The diluent for rickettsial suspension during the purification procedure was a sucrose-phosphate-glutamate solution (SPG), described by Bovarnick et al. (2) , and the diluent for experiments was SPG containing 0.01 M MgCl2 and 0.2% D-glucose (SPGMgGlu).
Preparation of mouse PMN. Mouse exudative PMN were prepared by harvesting peritoneal exudates from BALB/c mice that had been stimulated 5 h previously by intraperitoneal injection with 2.5 ml of a 3% sterile thioglycolate solution (1) . The exudates were collected from killed mice, suspended in a modified Hanks solution (9) containing 0.01% bovine serum albumin and 0.1% glucose (HBG), washed twice in this buffer, and then suspended in HBG. The cells were enumerated in a hemacytometer, and the percentage of PMN in the suspension was determined by staining the cells for ao-naphthylacetate esterase and for naphthol AS-D chloroacetate esterase; exudates used in these experiments contained >90% PMN as determined by histochemical staining.
Phagocytosis of rickettsiae. Rickettsiae labeled with [oa-32P]ATP were suspended in SPGMgGlu, and the phagocytosis of labeled rickettsiae by PMN was determined as previously described (19, 20, 22) . This method, which is based on the ability of typhus rickettsiae to transport ATP by obligate exchange (26) , distinguishes intracellular and adherent rickettsiae and takes into account the loss of radioactivity from extracellular rickettsiae during incubation as well as accumulation of nonrickettsial labeled material from the incubation medium by the RESULTS Rickettsial stimulation of PMN LTB4 secretion. Rickettsiae were incubated with exudative mouse PMN for 60 min at 37°C at an MOI of 500, and supernatants were examined for the presence of LTB4. PMN incubated with rickettsiae secreted significantly more (P < 0.01; Duncan's post-hoc test) LTB4 than did those incubated with buffer alone (Table  1 ). This rickettsial effect on PMN occurred only when PMN were incubated with hemolytically active rickettsiae; PMN incubated with hemolytically inactive rickettsiae (rickettsiae inactivated by treatment with NEM or Formalin) secreted no more LTB4 than did sham-incubated PMN. The stimulatory effect of native rickettsiae on PMN LTB4 secretion was related to the time of PMN exposure to rickettsiae (r = 0.953) (Fig. 1) . Furthermore, the amount of LTB4 secreted by PMN was directly related (r = 0.986) to the number of hemolytically active rickettsiae present in the incubation suspension (Fig. 2) .
Mechanism of rickettsial effects on PMN. Rickettsiae are known to damage host cells by expression of a phospholipase A activity (28) (29) (30) (31) rickettsiae activate a host membrane phospholipase. We examined the mechanism of rickettsial effects on PMN by incubating PMN and rickettsiae in the presence of an inhibitor (23) of calmodulin activity (TFPZ) or an inhibitor (18) of histidine-containing phospholipases (Pbpb). Because the calcium ionophore A23187 is known to stimulate PMN LTB4 secretion by activation of a calmodulin-dependent endogenous phospholipase A (5), some PMN were stimulated with A23187 in the presence or absence of these inhibitors. Table  2 presents the results of these studies. Although TFPZ and Pbpb had no detected effect on the secretion of LTB4 by resting PMN, TFPZ strongly potentiated (P < 0.01; Duncan's post-hoc test) the effect of rickettsiae on PMN LTB4 secretion while significantly inhibiting (P < 0.01) the PMN response to A23187. In comparison, Pbpb inhibited the rickettsial effect on PMN but had no discernible effect on ionophore-mediated LTB4 secretion. Because treatment effects on rickettsiae might be due to reduced rickettsial viability or to reduced rickettsial interaction with PMN, we Rickettsiae (7) 19.7 ± 3.1 8.9 ± 1.8
NEM-inactivated rickettsiae (2) 13.6 ± 4.0 9.1 ± 2.5 Rickettsiae + antiserumc (2) 380.6 ± 13.1 91.0 ± 6.5
Rickettsiae + TFPZ (2) 16.8 ± 0.2 7.7 ± 3.0 Rickettsiae + Pbpb (2) 12.7 ± 1.8 8.3 ± 1.6 a Incubation was carried out for 60 min at 37°C. b Results are expressed as the mean number of rickettsiae associated with each PMN ± standard error of the mean. ' Native rickettsiae in the presence of rabbit antirickettsial antiserum.
examined PMN phagocytosis of rickettsiae in the presence and absence of these effectors. Neither inactivation of rickettsiae nor incubation of rickettsiae and PMN in the presence of TFPZ or Pbpb significantly altered the number of rickettsiae phagocytized in 60 min (Table 3) . When PMN were incubated with inactivated rickettsiae, or with native rickettsiae in the presence of Pbpb, however, fewer rickettsiae adhered to the PMN (4.5 and 4.4 adherent rickettsiae, respectively, per PMN) than when PMN were incubated with native rickettsiae alone (10.8 adherent rickettsiae per PMN). This is consistent with our observation that both of these treatments significantly inhibited rickettsial hemolysis (Table 4) and that rickettsiae treated with NEM or Pbpb did not transport lysine normally; ricksettial lysine transport was inhibited 62% + 6.8% in the presence of 2 ,uM Pbpb. Therefore, the Pbpb effect on rickettsial stimulation of LTB4 secretion may have been at least partially related to the effect of this substance on rickettsial viability.
Because PMN are known to secrete the immunosuppressive prostaglandin PGE2 (11), we examined rickettsial effects on PMN PGE2 secretion. PMN incubated with native rickettsiae secreted significantly more (P < 0.05; Duncan's post-hoc test) PGE2 than did those incubated with buffer alone (Table 2) . Unlike in the studies described above, however, PMN did not respond to either A23187 or thrombin (data not shown) by secreting additional amounts of PGE2. This may have been due to the relatively stimulated state of the exudative PMN. Both TFPZ and Pbpb significantly inhibited (P < 0.05; Duncan's post-hoc test) resting PMN secretion of PGE2. Although it appeared that both treatments also inhibited rickettsial stimulation of PGE2 secretion, when the effects of these treatments on PGE2 secretion by resting PMN were taken into account, TFPZ significantly stimulated PGE2 secretion (P < 0.01) and Pbpb reduced PGE2 secretion modestly (P < 0.05). Therefore, the patterns of rickettsia-stimulated PMN LTB4 and PGE2 secretion in the presence of these effectors were generally similar, although not identical. Effect of antibody on rickettsial stimulation of LTB4 and PGE2 secretion. Because rabbit antiserum raised against rickettsiae (but not preimmune serum) blocked rickettsial hemolysis (Table 4 ) and was opsonic (Table 3) , we incubated PMN with rickettsiae in the presence of preimmune serum (normal rabbit serum [NRS]) or hyperimmune antirickettsial antiserum and assessed LTB4 and PGE2 secretion; the results are presented in Table 5 . Both NRS and antirickettsial antiserum reduced the absolute response of PMN to the presence of rickettsiae. However, when the fold responses of PMN LTB4 or PGE2 secretion in the presence of rickettsiae suspended in buffer alone or in buffer containing NRS or immune serum were compared with those of matched appropriate controls, there were no significant differences among the three groups; NRS reduced LTB4 secretion by PMN in the absence of rickettsiae by about 50%. Therefore, the antirickettsial antiserum used in this study blocked hemolysis and opsonized without altering rickettsial effects on PMN LTB4 or PGE2 secretion.
DISCUSSION
In our earlier studies (22) with rickettsiae and rabbit PMN, we demonstrated that although rickettsiae were phagocytized poorly, they could damage PMN. We further demonstrated that this damage probably occurred "from without" and was associated with the expression of the rickettsial hemolytic activity. We have extended these studies to demonstrate that rickettsiae incubated at a high MOI with mouse exudative PMN caused the secretion of increased amounts of the arachidonate-derived autacoids LTB4 and PGE2. As before, rickettsiae were phagocytized poorly by the PMN. We used extremely high rickettsial multiplicities to accelerate the effects of the rickettsiae on the PMN, yet even after a 60-min incubation, PMN had phagocytized only approximately 9 rickettsiae per PMN, with an additional 11 adherent rickettsiae per cell. This stands in stark contrast to our earlier demonstration (22) that E. coli or type 4 gonococci similarly incubated with PMN were rapidly phagocytized.
The mechanism of this relative resistance of rickettsiae to phagocytosis is not understood, but it appears that the close interaction of a small number of rickettsiae with the PMN is able to significantly change PMN autacoid secretion.
What is the cause of this rickettsial effect on PMN? We considered the possibility that rickettsiae stimulated activation of the PMN membrane phospholipase in a fashion analagous to that of other cell-activating substances such as the calcium ionophore A23187 (6) or thrombin (4). It appears that this was not the case. LTB4 secretion in response to A23187 was sensitive to the inhibitory action of TFPZ, an inhibitor of calmodulin activity (23) ; in contrast, the LTB4 response to rickettsiae was potentiated by this effector. Additionally, although PMN did not respond to either A23187 or thrombin by secreting additional amounts of PGE2, they did secrete PGE2 in the presence of added rickettsiae. Therefore, it appears that the PMN responses to rickettsiae and to ionophores were not identical. These data suggest that the phospholipase responsible for autacoid secretion in the presence of rickettsiae was not the same as that activated by A23187. Because there were differences in the extent of TFPZ and Pbpb effects on PMN LTB4 and PGE2 responses, and because A23187 and thrombin did not stimulate PMN PGE2 secretion, we also suspect that the means by which rickettsiae stimulated the secretion of the two autacoids were not identical. Studies are needed to further characterize the differential effects of rickettsiae on PMN secretion of LTB4 and PGE2.
It is possible that interaction with a rickettsial particle resulting in phagocytosis is sufficient to activate the endogenous PMN phospholipase. We report that although there was no significant difference in the numbers of rickettsiae phagocytized when PMN were incubated with living or killed rickettsiae, hemolytically inactive rickettsiae did not stimulate LTB4 secretion. In our preliminary studies (data not presented), we could not detect any significant changes in PMN LTB4 secretion when PMN were incubated with living E. coli cells under conditions identical to those used to incubate PMN and rickettsiae. Therefore, it seems unlikely that PMN phagocytosis of rickettsial particles was responsible for increasing the amount of LTB4 secreted by the PMN. This possible association of a putative bacterial phospholipase with stimulation of PMN leukotriene generation is not unique, although it is unusual; we cite two such studies for comparison. First, Suttorp et al. (17) reported that staphylococcal alpha-toxin stimulated leukotriene generation in rabbit PMN. They reported that, as they varied the alpha-toxin concentration from 0.156 to 1.56 puM, LTB4 secretion increased from 1 to 30 ng per 2 x 107 PMN. Although direct comparisons are difficult because of the differences between our system and theirs (including the source of PMN), the LTB4 secretion levels they reported were similar to ours; corrected for cell number, they reported 50 to 1,500 pg of LTB4 secreted per 1 x 106 PMN. In contrast to our study, they proposed that alpha-toxin stimulated LTB4 secretion by acting as a calcium channel, activating calmodulin-dependent PMN phospholipases. In the second study, Scheffer et al. (14) (22) and in this communication. In our earlier study we reported that this opsonizing antibody did not ameliorate the toxic effect of rickettsiae on rabbit PMN. This observation is now extended by the results of the present study, which demonstrate that hyperimmune antirickettsial antiserum does not inhibit the effect of rickettsiae on PMN LTB4 secretion, even though antirickettsial antiserum blocked rickettsial hemolysis. It does not seem likely that the inability of antiserum to block rickettsial effects on PMN was simply because the antibody was present at too low a concentration to be effective, because when antibody and rickettsiae were incubated with erythrocytes at the same ratios as those used in these experiments, hemolysis was blocked. Rather, it may point to a fundamental difference in the means by which the two host cells are recognized by rickettsiae. Although Ramm and Winkler (13) reported that the binding site for rickettsiae on sheep erythrocytes could be mimicked by cholesterol-palmitate-containing vesicles and that rickettsial binding to erythrocyte ghosts was inhibited by amphotericin B, we have been unable to demonstrate a similar cell recognition specificity pattern by rickettsiae for other host cells. It may be that antirickettsial antibody blocks hemolysis by binding to an epitope which recognizes lipid-containing membrane sites on host cells. This antibody should be opsonic as a result of increased immune adherence, but may fail to halt rickettsial damage to PMN if the antibody does not bind directly to either the cell recognition epitope on the rickettsia or the putative rickettsial phospholipase. Alternatively, antirickettsial antibody may fail to directly block rickettsial adherence to any cell. Winkler (27) reported that when antirickettsial antiserum was added to suspensions of rickettsiae and erythrocytes, hemolysis was blocked by >90%; phase-contrast microscopy revealed that the rickettsiae were agglutinated by the antibody. However, when antibody was added to preformed rickettsia-erythrocyte complexes stabilized by NaF, and then the NaF was neutralized, the rickettsia-erythrocyte complexes lysed normally. Nevertheless, rickettsiae released from the complexes were unable to readsorb to erythrocytes, and subsequent hemolytic rounds were blocked. This may indicate that agglutination is the key antihemolytic mechanism of antirickettsial antibody and that when such antibody opsonizes rickettsiae, at least some rickettsiae are brought into proper juxtaposition with the PMN membrane to allow further rickettsial damage to the PMN. Therefore, the difference between the effects of antibody on rickettsial interactions with erythrocytes and PMN may be the lack of Fc receptors on erythrocytes. Further studies are needed to further describe the effects of antibody on rickettsial interactions with host cells. Does this phenomenon of rickettsial stimulation of PMN LTB4 secretion have physiologic significance? Certainly the multiplicities of rickettsiae used were far beyond those expected to occur in vivo. However, our earlier studies (22) suggested that the number of rickettsiae being phagocytized at these high multiplicities may not be much larger than those observed at much lower MOI. LTB4 is a potent autacoid and has been implicated as a chemotactic signal for PMN, causing PMN adherence to the microvascular endothelium (10) . It is a powerful agent in promoting increased vascular permeability (8, 10, 24) ; its presence in increased amounts could result in systemic effects. The relatively modest PMN response in patients suffering from acute typhus (36) 
